Abstract-Average ACS can be measured in a reverberation chamber; however, the existing technique determines a value that includes the effects of the radiation efficiencies of the antennas used in the measurement. Correcting for these necessitates further complex measurements. Here, we present the theory of an alternative measurement methodology using two nested or contiguous reverberation chambers which is free from errors caused by the radiation efficiencies of the antennas. The new method is based on the theoretical average transmission cross sections (TCS) of circular holes in a metal plate between the two chambers. In fact, the method can be viewed as an accurate transfer calibration measurement between TCS and ACS that is independent of both the chamber and antenna characteristics. Further, since the existing method of measuring ACS includes the effects of the radiation efficiencies of the antennas, a comparison of the ACS of a reference object, measured using both the existing and new methods, also provides an alternative method of determining radiation antenna efficiency. Measurement uncertainties for both alternative measurement methods-ACS and antenna radiation efficiency-are also derived.
A Theory of Alternative Methods for Measurements of Absorption Cross Section and Antenna Radiation
Efficiency Using Nested and Contiguous Reverberation Chambers
I. INTRODUCTION
A REVERBERATION chamber (RC) is a large cavity in which the fields are usually randomized by the movement of large metallic paddles that produce a change of the boundary conditions [1] . A combination of stirring techniques can be used in order to make the stirring process more effective [2] , [3] . RC techniques have been applied to many new applications in recent years [4] . These include: radiated immunity and emission testing; shielding characterization of cables, connectors, and materials; measurement of absorption, and heating properties of materials; investigation of biological and biomedical effects; testing wireless devices; simulating wireless multipath environments; antenna efficiency measurements; and others [5] .
The measurement of absorption cross section (ACS) is an important RC application [2] , [6] - [11] . When measured using the standard approach, the ACS includes errors due to the radiation efficiencies of the antennas [6] - [11] . The error component resulting from the mismatches of the antennas can be easily removed [2] , [3] , whereas it is not easy to remove the error component due to the radiation efficiencies of the antennas. Manufacturers of antennas seldom supply such information in the specifications; therefore, correcting for it implies the measurement of the radiation efficiency of the antennas. This can be done in an RC [12] , [13] ; however, it requires a rather complex procedure. Normally, the measurements of ACS are not corrected for antenna radiation efficiencies. ACS can also be measured using a time-domain approach; however, in this case, the free volume of the chamber has to be known accurately [5] , [12] .
The goal of this paper is to present the theory of an alternative method for measurement of ACS that is free from the error due to the efficiencies of the antennas. The method uses nested RCs (NRCs) or contiguous RCs (CRCs); it is based on the theoretical average transmission cross section (TCS) of circular holes in a perfectly conducting sheet [6] , [14] . Analytical solutions are available for the TCS of a circular aperture [6] , [14] , and good simple approximations are available for both electrically large and electrically small apertures [6] . Numerical simulations can also be made to determine accurate values of average TCS in the resonance region, which also account for the thickness of the metal plate. Holes with different shapes can be used, as well as any other transmission system, as long as their average TCS can be accurately calculated.
This paper takes as its starting point the possibility of relating the wall losses and the TCS of an aperture in a wall of an RC shown by the Prof. Paolo Corona, together with other Authors, in [1, App. II], [15, eqs. (1) and (2)]. Actually, the TCS of such circular holes can also be measured [16, eqs. (11) , (12) ]; however, such a measurement includes the antenna radiation efficiencies, and, therefore, cannot be used for our current purposes. Furthermore, by comparing the ACS of an object measured by both the current method and the one proposed here, an alternative method for measurement of antenna radiation efficiency is also achieved. In this case, the ACS of the object to be measured can be chosen so as to optimize the relevant uncertainties. Since the field in the RC is randomized, all relevant physical quantities in what follows are implicitly meant in the sense of an average over an ensemble of independent field configurations. For an ACS measurement made by the current method, in which we assume that only the mismatch efficiencies are accounted for, we can write
where σ meas and σ tr are the measured and true values of the ACS and η rad,tx and η rad,rx are the radiation efficiencies of the transmitting and receiving antenna, respectively. The absolute error E a and the relative error E r for an ACS measurement due to the radiation efficiencies are, respectively
Note that the simplification is obvious for (1)-(3) when η rad,tx = η rad,rx = η rad . As an example, we note that E r = 23.4% when η rad,tx = η rad,rx = η rad = 0.9. In Section II, we develop the measurement theory for ACS in the case of NRCs; then in Section III, the case of CRCs is shown. In Section IV, the measurement of antenna radiation efficiency is presented and we discuss the practical implementation of the methods in Section V; some results of preliminary tests for validations are also shown. Finally, in Section VI, conclusions are drawn.
II. ACS MEASUREMENTS USING NRCS
We first consider a system of nested RCs as shown in Fig. 1 . The two receiving antennas, RX o and RX i , which are placed in the outer and inner chambers, are assumed to be identical. The NRC system is fed by an antenna, TX o , in the outer chamber. We can write [16] , [17] :
where SE ic is the shielding effectiveness (SE) of the inner chamber; P rx,0 is the power received by a receiving antenna placed in the outer chamber; P rx,i is the power received by a receiving antenna placed in the inner chamber; P tx,o is here considered to be the incident power at the reference plane of the transmitting antenna. In practice, the ratios P Note that the measurements of IL normally include the total efficiency of the antennas. In this paper, unless otherwise specified, the measurements of IL are considered to be uncorrected for the mismatches of the antennas. Note that some authors use a definition of IL such that its value in decibel is negative [10] , as is the case here. For ACS measurements made by the method proposed here, only three antennas are strictly necessary.
Note that the SE ic measurement is free from errors due to the efficiencies of the antennas, both the radiation and total efficiencies. If the receiving antenna in the inner chamber is a monopole antenna, an identical monopole is used as a receiving antenna in the outer chamber. Here, the mismatches of the two monopoles are assumed to be equal so that (4) intrinsically corrects the relevant error.
When the inner chamber is unloaded and no circular aperture is present in its walls, we can write [17] :
where SE ic,e is the shielding effectiveness of the inner chamber when it is not loaded (empty); σ tl is the complete TCS of the walls of the inner chamber (leakage) and σ ic is the total ACS inside the inner chamber. The latter includes the losses in the walls when the field impinges from inside of the inner chamber, the power received by the antenna in the inner chamber, and the losses in the possible objects in the inner chamber, which do not include the load whose ACS must be measured. When the inner chamber is loaded, (5) becomes
where SE ic,a is the shielding effectiveness of the inner chamber when it is loaded by σ a ; σ a is the ACS of the absorbing sample that must be measured. By manipulating (5) and (6), we can write
Note that to determine σ a , we need σ tl . To this end, one or more circular holes can be made in the walls of the inner chamber in order to control the total TCS of the inner chamber. Circular holes are preferable for this purpose as analytical solutions are available [6] , [14] . The TCS of the circular holes made in the walls of the inner chamber is denoted by σ t . When σ t is present, (5) and (7) become, respectively
where SE ic,a,h corresponds to SE ic,a when one or more circular holes are present in the walls of the inner chamber.
If the inner chamber is fabricated carefully, then it is possible to achieve
Therefore, σ tl can be neglected. When (10) holds, then (8a) and (9a) become, respectively
Note that (10) allows us the simplification of the model (9a). However, σ tl can be experimentally determined; by manipulating (5) and (9a), we can write
Normally, the leakage for a fixture is not very repeatable; therefore, (10) is the preferred way to overcome this drawback.
The performance of the model (9b) improves in terms of measurement sensitivity, dynamic range, and relative uncertainty when
In fact, under condition (12), the sensitivity of (9) increases, as well as its measurement dynamic range, as σ a is determined by comparing it with σ ic and not to σ ic + σ t . The dynamic range of the ACS measurement is, therefore, increased by using smaller values of TCS. The smaller σ ic is, the smaller the noise level of the measurement is. Since σ ic cannot be reduced beyond a certain limit, for small ACS values, small chambers should be used. By considering (10) and (12), we can write
By considering (5), (8a), and (9a), the conditions expressed by (10) and (12) can be, respectively, considered satisfied when
SE ic,e,h ≥ 5 dB.
Practically, 16 dB is an acceptable value in (14) to satisfy the condition (10) . In fact, 16 dB in (14) implies an error between 2.5% and 5% according to the values of σ tl , σ t , and σ ic in (9b); clearly, values greater than 16 dB imply less error. As an example, 20 dB in (14) implies an error between 1% and 2%. Similarly, 5 dB in (15) implies that (13) becomes (SE ic,a,h /SE ic,e,h ) = 1 + 0.75(σ a /σ ic ), which is an acceptable approximation; clearly, values greater than 5 dB imply a better approximation of (13). We note that SE ic,e ≥ 21 dB and SE ic,e,h ≥ 5 dB can be experimentally achieved (see Section V). We stress that (14) and (15) express the conditions (10) and (12), respectively. Even if (15) is not an essential condition as it improves the performance only, here, we assume that it is satisfied in order to avoid the degradation of the uncertainty of the measurements, as it will be made clear below. In the experimental procedure, the holes can be covered by pieces of adhesive aluminum when SE ic,e is measured, or they can be electromagnetically closed in a different way. Note that the holes can be made in different walls of the inner chamber in order to avoid mutual couplings among the holes and to reduce the uncertainty due to the configuration of the system [18] .
It is also noted that the measurements of all the necessary ILs can easily be made by a four port vector network analyzer (VNA), both for ACS measurements made by NRCs and by CRCs. When a port of the VNA is not used, it must be terminated by a matched load. The case where CRCs are used is considered below.
III. ACS MEASUREMENTS USING CRCS
The model developed in the previous section is perfectly valid for a system formed by two contiguous chambers [16] ; Fig. 2 shows such a system, where the transmitting and receiving antennas are denoted by TX and RX, respectively. Actually, the common wall can be soldered all along the perimeter, so that the TCS is given only by the circular hole(s) made in the wall itself; in Fig. 2 , one hole is considered. When more than one aperture is used, they must be electromagnetically far apart in order to avoid mutual coupling. Note that leakage σ tl due to junctions, access doors, or windows is included as ACS in σ c,1 and σ c,2 , which correspond to σ ic for chambers 1 and 2, respectively; any spurious coupling between the chambers is assumed to be absolutely negligible. Fig. 2 shows a system where the two chambers are the same size; however, this is not a necessary condition.
Note that for the application of (9b), only three antennas are necessary -the transmitting antenna in the chamber corresponding to the inner chamber is not necessary. Four identical antennas are shown in Fig. 2 because the measurement of σ a by the use of a single chamber, which includes the antenna efficiency, allows us to develop an alternative method for the measurement of antenna efficiency, as shown in the next section. However, it is stressed that for ACS measurements free from the error due to the efficiencies of the antennas, only the two receiving antennas need to be identical.
For a CRC system, by assuming that chamber 2 corresponds to the inner chamber and by considering that σ tl is absolutely negligible in this case, (9) (16) is written both in term of the SE of chamber 2 and in terms of ILs. In particular, SE c2,e and SE c2,a are the SEs of chamber 2, when it is unloaded and loaded, respectively; IL c1,e and IL c1,a are the ILs of chamber 1, when it is unloaded and loaded, respectively; IL c1,2,e and IL c1,2,a are the ILs achieved by feeding the system from chamber 1 (corresponding to the outer chamber) and by receiving in chamber 2, when it is unloaded and loaded, respectively. We emphasize that the SE in (16), i.e., SE c2,e and SE c2,a , mean the electromagnetic separations between the two chambers.
Note that for a single small aperture, IL c1,2,e and IL c1,2,a are both de facto given by the product of two independent ILs [19] , which represent two independent random variables (RVs). Therefore, by assuming the well-known distribution for each IL, the mean and variance of IL c1,2,e and IL c1,2,a can be determined [20] , as well as their distribution [19] , [21] - [23] . However, a few small apertures are sufficient to make IL c1,2,e and IL c1,2,a exponentially distributed [19] . In the following, it is assumed that a large aperture (or at least a few circular holes) is (are) present in the walls of chamber 2. The case of a single small circular aperture should be avoided, as in this case, the uncertainty of the measurements increases, as is made clear below. However, even if the derivation for a single small aperture are not detailed here, they have also been made; therefore, the results regarding this specific case will also be specified for completeness of the theory.
The uncertainty of (16), or equivalently (9b), can be estimated by estimating the uncertainty of the single ratios in the brackets. The well-known distributions for the ILs are assumed [18] , [24] , [25] . By setting IL c1,a = X, IL c1,2,a = Y, IL c1,e = V , IL c1,2,e = Z, and L = (X/Y) + (V/Z), we can write [20] 
where N is the number of independent samples; μ X/ Y , μ V /Z , and μ L are the means of the relevant RVs X/Y, V/Z, and L; s
L are the variances of the relevant RVs. The standard deviations are here denoted by s in order to avoid confusion with the symbol of the ACS. The subscript suffix "0" denotes the mean of the relevant quantity. Using (18) and (19), we can write
where cv L is the relative standard uncertainty (variation coefficient) of L and σ a ; SE r is the ratio SE c2,a,0 /SE c2,e,0 ; SE c2,e,0 and SE c2,a,0 are the mean values of SE of chamber 2 when it is unloaded and loaded, respectively. By the current method, the ACS is measured by using a single chamber [6] - [11] . Therefore, if the power is transmitted and received in chamber 2 (which corresponds to the inner chamber), we can write [6] - [11] :
where σ a,2 is the value of the ACS σ a , which is achieved when it is measured by using (21) . The ILs in (21) should be corrected for possible mismatches of the antennas. Even when the two chambers are the same size, it is opportune to make the two measurements of σ a in the same chamber. Note that the comparison of (16), or equivalently (9b), and (21) implicitly makes clear the physical insight of (16) . The difference between the electromagnetic separations of the two chambers, with load and with no load, connects directly σ a and σ t in (16), whereas the difference between the two ILs of a single RC (by considering them greater than one), with load and with no load, connects directly σ a and the effective area of the receiving antenna, which is given by λ 2 /8π, in (21) . In other words, the electromagnetic separation depends on the ACS by σ t whereas the IL depends on the ACS by λ 2 /8π. The uncertainty of σ a,2 is addressed in [2] , [18] . The relative standard uncertainty of σ a,2 is repeated here for convenience; it can be put in the form [18, eq.13]:
where IL r = IL c2,e,0 /IL c2,a,0 [18] and cv σ a , 2 is the relative standard uncertainty of σ a,2 . Note that (20) has the same form as (22) . Note that when (15) holds, IL r and SE r are essentially equal. In fact, we can write
By considering (21) and (22), the result in (20) is expected for (16) . Equations (23) and (24) show that the two methods have essentially the same sensitivity under the assumed hypotheses. Using (20) and (22), we can write
Note that by (16) or equivalently by (9), measurements free from the error due to the efficiencies of the antennas are achieved, but the relevant relative standard uncertainty is √ 2 times that of (21) . Therefore, (16) gives the same relative standard uncertainty as (21) when the number of independent samples is doubled. If (15) were not satisfied, then (25) would include SE r and IL r according to (20) and (22), and the related relative uncertainty would deteriorate. We note that in the case of a single small aperture, the "2" in (17b), (17d), (19) , (20) , and (25) becomes a "3."
IV. RADIATION EFFICIENCY MEASUREMENTS OF ANTENNAS
When σ a is measured as mentioned above and σ a,2 is measured by using two antennas having the same radiation efficiency, then by the measurements of σ a,2 and σ a , which are independent, the radiation efficiency can be determined. In short, three antennas with the same radiation efficiency are necessary to determine the radiation efficiency.
In fact, by considering (1) and noting that the ILs in (21) are corrected for antenna mismatches, we find that
If the ILs in (21) are not corrected for possible mismatches of the antennas, then (26) becomes (27) where σ a,2, unc is the load ACS determined by (21) when the ILs are not corrected for possible mismatches of the antennas, and η is the total efficiency of the antennas. The uncertainty of σ a,2,unc is found by using the uncorrected ILs [18] , [24] . In (26) η 2 rad = q has been defined for convenience: first, we find the uncertainty of RV q and then that of η rad . It is important to note that for the measurement of η rad and η, we can choose the ACS σ a to be measured. We can choose both the value of σ a and its distribution in the chamber, in the sense that σ a can be formed from a sum of smaller ACS from multiple objects that are properly distributed in the chamber. We can also realize σ t as a sum of cross sections from multiple small holes, properly separated from each other to reduce the error component due to the measurement system configuration [18] . By considering the optimal field conditions in an RC, good values of σ a could be such that IL r and SE r , which are equal under the hypotheses made, turn out to be in the range of 2 to 6 [26] .
To estimate the uncertainties of (26) and (27) , the uncertainties of (16) and (21) 
By using (28)-(31), after some algebra, we can write [20] : Note that IL r is considered to be equal to SE r in (32) and (33), as mentioned above. Now using (33), we can write
(34) Note that if (15) were not satisfied, then (32) and (34) would be multiplied by the term (SE r − 1)/(IL r − 1), whereas (33) would be multiplied by the term ((SE r − 1)/(IL r − 1)) 2 . By manipulating (32) and (34), we have
We specify that in case of a single small aperture, the "2" in (31), (33), (34), and (35) becomes a "3." If IL r = SE r = 3, we find that
whereas if IL r = SE r = 4
The mean and the variance of η rad can be determined by an approximation process, as it is a function of the square root of q (that is to say, η rad = √ q); we can write [20] :
By manipulating (36) and (37), we can write
(39) where the last step is justified as cv q 1. Note that the relative standard uncertainty of η rad is slightly less than that of η 2 rad .
V. DISCUSSION AND PRELIMINARY TESTS
It is important to note that if N is acquired in such a way that the uncertainty component due to the measurement system configuration is neutralized [18] , then (39) gives the relative standard uncertainty of η rad . It can be reduced by increasing N, which can be achieved by using a combination of stirring techniques, such as mechanical stirrings by metallic stirrer(s), position stirring (or source stirring), and frequency stirring. In order to avoid the error due to the stress of the cables and connectors of the antennas, in our case, the source stirring can be approximately achieved by properly moving the absorbing sample in the useful volume of the chamber. As an example, we note that if IL r = SE r = 4 and N = 10000, then cv η r a d = 1.8%.
In the above developments, the effects of the correction for the impedance mismatches of the antennas have been neglected, as has so far been done in the literature [2] , [3] , [5] - [13] . When such effects are considered, the variance and the variation coefficient (relative standard uncertainty) of each IL increase according to the mismatches of the antennas [24] , as well as all the uncertainties presented here. However, this deterioration in uncertainty is common to all results present in the literature [2] , [3] , [5] - [13] . Note that the quality-factor measurement of an RC includes an IL measurement, and when it is transformed into the time domain such an uncertainty propagates according to the mathematical process [12] .
The conditions in (14) can be easily achieved up to 20 GHz for CRCs; they can be achieved for NRCs as well, even though in this case specific attention has to be paid to the reduction of the leakage. The conditions in (15) can also be easily achieved for CRCs from 1 to 20 GHz using a large circular aperture by changing the volume of chamber 2. A large aperture is not sensitive to the frequency and it can work over a wide range of frequency. For NRCs, the conditions in (15) can still be satisfied by using a large circular aperture; however, the working frequency range is limited by the volume of the inner chamber [3] . The conditions in (15) could also be easily satisfied by using some small circular apertures; but in this case, the working frequency range is further limited as the TCS of a small aperture is strongly dependent on the frequency. If the resonant region is included, then the working frequency range can be widened. Moreover, in this case, the edge effects due to the thickness of the wall should be investigated.
If the total working frequency range is split into successive frequency subranges, the volume of the inner chamber for NRCs, as well as those of chamber 2 in CRCs, can be limited when a large aperture is used. Hence, a large aperture working from the lower frequency of the working frequency range to the maximum frequency where (15) is still satisfied can be made in a wall of the chamber. It can then be covered by a metal plate including another large aperture working from the maximum frequency of the previous subrange to the maximum frequency of the current subrange, and so on, up to cover the total working frequency range. The subsequent metal plates can be accurately placed using aluminium tape to cover the original large aperture made in the wall of the chamber.
If instead of a large aperture, some small apertures are made, then the subsequent metal plates must be placed by a technique which minimizes the leakage as (14) must also be satisfied. The number of successive frequency subranges required depends on the total working frequency range and on the volume of the inner chamber.
Some preliminary tests were made using nested chambers, with a single circular aperture of diameter 50 mm between them, from 5 to 10 GHz. The outer chamber dimensions were 4.7 m × 3.0 m × 2.37 m and the inner chamber dimensions were 0.6 m × 0.7 m × 0.8 m. Three nominally identical bespoke monopole antennas with 60-mm-diameter circular ground planes were fabricated for the measurements. The monopole lengths were 12.3 mm and vertical elements had dielectric (PTFE) sleeves of thickness 1.3 mm over 75% of their lengths. A cube of radio absorbing material (RAM) with a side length of 76 mm was used to load the inner chamber. The RAM manufacturer's dielectric properties were used to estimate the cube's ACS using a Mie Series calculation for a sphere of the same surface area [27] . The measurements were made using a two-port VNA with a seven term unknown through calibration error model so that all the cables could remain unmoved between the calibrations and measurements between the different pairs of antennas required. The average TCS of the hole was determined using a series of high-resolution full-wave simulations with two orthogonal polarizations of incident plane-waves at twelve angles of incidence, averaged over 2π steradians using Gauss-Legendre quadrature. Fig. 3 shows the measured ACS of the RAM cube from a standard ACS measurement made in the small RC and from the proposed NRC measurement compared to the Mie Series estimate. The standard ACS measurement has been corrected for the free-space mismatch factors of the antennas but includes the effect of their radiation efficiencies. The NRC measurement, which does not include the effect of the radiation efficiencies of the antennas, is lower than the standard ACS measurement.
Taking the ratio of the two ACS measurements according to (26) , we obtain the radiation efficiency of monopole antennas shown in Fig. 4 . The radiation efficiency is mostly above 90% and only makes a few very minor excursions above 100% that are consistent with the predicted measurement uncertainty. This preliminary measurement did not utilize position (or platform) stirring so some systematic effects due to the nonideal behavior of the chamber and direct coupling to the relatively large aperture may be present. Further work is continuing to achieve the optimal measurement conditions for the NRC approach.
VI. CONCLUSION
An alternative method for measurement of ACS by NRCs or CRCs has been presented. The method is based on the theoretical average TCS of circular holes in a perfectly conducting sheet. The ACS measurements by this method are free from errors due to the efficiencies of the antennas, whereas the ones made by the current method include the efficiencies of the antennas. In fact, the method can be used more generally as a transfer calibration measurement between TCS and ACS. The measurements can easily be made using a four-port network analyzer. A drawback of the method is the doubling of the number of independent samples needed to achieve the same uncertainty as the current method. However, this can be overcome by a combination of stirring techniques, such as mode mechanical stirrings by metallic stirrer(s), position stirring (or source stirring), and frequency stirring. In order to avoid errors due to the stresses on the cables and connectors of the antennas, the source stirring can be approximately implemented by properly moving the absorbing sample in the stirred volume of the chamber.
Another drawback could be the reduced frequency agility, in the sense that the best conditions for the measurements are achieved for limited working frequency ranges. Therefore, measurements for a wide working frequency range may need to be achieved by concatenating results from several measurements, each taken with an aperture configuration appropriate to its frequency subrange. Such a procedure can be automated. However, such drawbacks can be overcome by using chambers and apertures of appropriately large size.
By comparison of an ACS measurement of the same object made by the current method and the method proposed here, an alternative method for the measurement of the radiation efficiency of antennas has also been found. These measurements are taken with a known ACS value, which can be chosen, along with the distribution of absorbers in the chamber, so as to optimize the measurement conditions, and, consequently, the relevant measurement uncertainty, which has also been derived. Finally, some results of preliminary tests for validations are also shown.
